EU funded project is aimed at the development of a low-cost camera sensor for Advanced Driver Assistance Systems (ADAS) applications able to acquire the full visible to Short Wave InfraRed (SWIR) spectrum from 400 to 1700 nm. This paper presents the first results obtained by investigating the SWIR contribution to pedestrian detection in difficult visibility conditions as haze and fog employing the wide-bandwidth camera developed within the project.
Introduction
Although several improvements in vehicle safety have been achieved in the last 25 years (e.g. crash tests, passive safety measures, new energy absorption materials, etc.), further reductions in road fatalities and injuries must be achieved.
The development of active video-based driver assistance systems to detect pre-emptively dangerous situations involving Vulnerable Road Users (VRU) as pedestrians is thus of fundamental importance for warning the driver or automatically taking control of the vehicle (e.g. braking) and becomes particularly valuable in case of driver's distraction or poor visibility conditions. Yet visionbased pedestrian detection is a difficult problem for a number of reasons [2] . The objects of interest appear in highly cluttered backgrounds and have a wide range of appearances, due to body size and pose, clothing and outdoor lighting conditions. Because of the moving vehicle, one does not have the possibility to use simple background subtraction methods (such as those used in surveillance applications) to obtain a foreground region containing the human shape. Furthermore, pedestrians can exhibit highly irregular motion, making prediction and situation analysis difficult. Finally, there are hard real-time requirements and tight performance criteria.
Imaging in the Short Wave InfraRed (SWIR) can bring useful contrast to situations and applications where visible or thermal imaging cameras are ineffective making SWIR frequently used for diverse applications such as aligning telecommunications fibers and sources, engineering optical wave-guides, inspecting pharmaceutical quality, sorting recycled plastics, monitoring incoming sources of raw agricultural products to groom out contamination by dirt, stones or packaging debris, as well as grade sorting by moisture level or fat content [8] . Unlike Mid Wave IR (MWIR) and Long Wave IR (LWIR), SWIR cameras can image through the windshield and thus be mounted in the vehicle's cabin for a "driver's eye" view of the way ahead. Moreover SWIR imagers have the ability to see farther through haze than visible imagers due to the reduced scattering as the wavelength of light gets longer. Long distance imaging through the atmosphere is clearer too, making SWIR suitable for investigations in the field of automotive applications [12] the main issues concerning it having been to achieve low cost SWIR sensors, operating at close to room temperature and CMOS compatible. In the last few years though the standard technology based on indium bump hybridization has progressively decreased its pixel pitch going to VGA or XVGA format mainly available in the US. Nevertheless, most of VGA format were based on the 25 µm pitch from FLIR Indigo ISC0002 readout circuit which consists in an expensive device not compatible with the automotive market. Work done within the EU funded 2WIDE SENSE project has involved a 15 µm pitch -the best format to replace the VGA format-reaching a low cost hybridization process and packaging, and thus making the SWIR imager obtained most suitable for the automotive market requirements. Purpose of this article is to illustrate our tests done within the 2WIDE SENSE project to explore the characteristics of SWIR images for the VRU detection application in difficult visibility conditions, specifically haze and fog.
A peculiar characteristic to be noted about the SWIR spectrum is that human skin, having a very high water content, absorbs much of the longer wavelengths appearing in SWIR images very dark if not almost black (see fig. 1 ). Previous works within the IR bandwidth have dealt with skin detection both for face recognition [4] or people detection [3, 9, 11] but they are ineffective for an automotive pedestrian detector being very little the skin area usually showing from the clothes. We have therefore applied a classic approach for pedestrian detection, an SVM classifier based on deformable part models [6, 7] . This paper is organized as follows: section 2 describes the HW equipment employed, section 3 describes the experimental measurements carried out to test the SWIR wavelength bandwidths characteristics for VRU's detection, section 4 reports the results obtained, and section 5 states our final considerations.
Hardware Equipment
The European funded 2WIDE SENSE collaborative project has the aim of developing a low-cost camera able to acquire in the full visible to SWIR bandwidth. This task required the development of a specific sensor and of a large bandwidth lens. In addition, the camera is featuring a filter on the sensors that enables the independent acquisition of 4 different spectral bandwidths.
The sensor of the 2WIDE SENSE camera module has been mainly developed by Alcatel-Thales III-V Lab and is an uncooled InGaAs and InP -based 640×512 pixels array with a 15 µm pitch and a MAGIC TM logarithmic readout circuit (see fig. 2 ). The two main features of the sensor are the large spectrum sensitivity (400-1700 nm) and the logarithmic gain that enables to avoid saturation effects. Furthermore a specific micro-lens module has been developed by the OPTEC s.p.a (see fig. 2 ) to let the camera exploit the full spectrum capabilities. The OB-V-SWIR 16 apochromatic lens is based on a combination of six elements produced using a specific moldable glass. The lens transmittance is nearly the same in the whole functioning band: >98% in the 400-1550 nm interval and decreasing down to 96% in the 1550-1700 nm. The most interesting feature of the developed camera is the presence of a Bayer-like filter to independently acquire specific spectral bandwidths that have been selected according to automotive world needs. More precisely, four different sapphire substrates have been grown on the pixel array and fourteen layers of T iO 2 and SiO 2 have been deposited on the substrates obtaining a 4 × 4 pixels mask pattern (see fig. 3 ). Each pixel-filter is a high-pass filter with the following bandwidths: C clear (no filter, full bandwidth), F1 1350-1700 nm (SWIR), F2 1000-1700 nm (SWIR), and F4 >540 nm (Red, NIR, and SWIR) (see fig. 4 ).
The bandwidths of each filter have been selected according to most used ADAS functions like Traffic Sign Recognition and High Beam Assist. Anyway other bandwidths can be easily obtained combining different contributions; as an example the blue and green bandwidths can be obtained as a difference between the C component and the F4 contribution.
The large bandwidth camera module developed during the project has been available and therefore only tested during the final stage of the 2WIDE SENSE experiments. This article reports about the preliminary tests done using a stateof-the-art InGaAs camera module with the OB-V-SWIR 16 micro-lens and highpass SWIR filters applied on the lens (transmission bands as F1 and F2 ).
Field Tests
A database of more than 10,000 images in different illumination and weather conditions with varied combinations of gain and exposure time has been collected, paying special attention to cases of reduced visibility caused by haze and fog (see fig. 5 ).
In order to get a complete picture of the SWIR contribution to visibility, we have carried out acquisitions both in different bandwidths during similar illumination and weather conditions and in the same bandwidth with different illumination and weather conditions. Some examples are discussed in fig. 6 .
Results
A thorough investigation of images acquired in the SWIR bandwidths and comparisons with images acquired in the visible spectrum have been carried out. In the following subsections three visibility conditions will be dealt with: clear sky, haze and fog. To detect pedestrians in the SWIR spectrum the object detection method based on deformable part models illustrated in [7] and [6] has been employed. Being based on both contrast sensitive and contrast insensitive HOG features, we have found that training the classifier on visible images only was suitable for detections on SWIR images with comparable detection rates. The following results have therefore been obtained training the classifier on datasets publicly available on the web (the PASCAL datasets [5] ) featuring images acquired in the visible spectrum only.
Clear
Images acquired in the SWIR spectrum with clear sky conditions show that high water content objects like the human skin appear a lot darker than in visible only images. Nonetheless this peculiar characteristic is of difficult utility to detect pedestrians as skin areas showing from the clothes of a person are of variable sizes and positions. In addition, image contrast may change significantly in different seasons with light changes or particular atmospheric conditions such as high humidity levels and other sorts of absorption phenomena, making the skin color an unreliable indicator for automotive applications (see fig. 7 ). In particular, images shown in the first column appear quite dark in respect of the others as due to a very bright winter day the exposure time had been set to 1.0 msec. Note that, as stated by the theory of major water absorption happening in the SWIR spectrum, in these images the snow color (low right side, adhering to the footpath curb) gets darker as the bandwidth narrows from the whole visible to SWIR spectrum to the pure SWIR ones.
Fig. 7. Images acquired with SWIR filter F2 in different light conditions

Correct detections
Miss and incorrect detections Through the classification process, correct detection values comparable to those obtained on visible only images are achievable but with no practical advantage by employing a SWIR sensor in respect of a standard visible only one (see fig. 8 ). Results of the classification and comparisons between different classifiers on SWIR images will be presented [1] .
Haze
Haze is an atmospheric phenomenon where dust, smoke and other wet or dry particles obscure the sky's clarity. The SWIR wavelengths are able to penetrate those particles layer, making visibility clearer at distance (see fig. 9 ). However, due to the space between particles, haze becomes perceptible only from kilometers afar making a pedestrian detection application of questionable utility. Fig. 10 images report a visibility condition where the water particles layer is denser and closer to the observer than haze but not as thick and close as fog usually is. The house in the background, so as the pedestrians half way from it, are all quite visible but the pedestrians already too small, so that their eventual detection would be of minor use for an automotive application.
Fog
Acquisitions carried out in fog conditions have shown that, despite the longer wavelengths capability of penetrating water particles, a clear visibility through the fog is not achievable employing a SWIR sensor (see fig. 11 ). Due to the spectrum -filter F1 -respectively: with similar fog densities the scattering effect is predominant at both bandwidths so that the pedestrian walking along the country path in the SWIR image is hardly detectable peculiar nature of fog the scattering effect, predominantly in the forward direction, affects the SWIR wavelengths making imaging at distance impossible. The classifier gives correct detections only when the pedestrian is close enough to the camera (see fig. 12 ).
Correct detections
Miss and incorrect detections 
Conclusions
Light scattering effects occur daily in the atmosphere: while some wavelengths are absorbed by air molecules, others are scattered. When water vapor and dust are present in the atmosphere, additional effects are observed so that most of the visible wavelengths are being scattered to the ground observers eyes. As the particles get denser and their size increases, visible imaging of any distance becomes very difficult. Longer wavelengths, as the SWIR ones, penetrate the haze providing clearer details of what appears hidden in a visible image. But the phenomenon of scattering is complex, made up of reflection, refraction and diffraction with variations such as forward, side, back scatter, and it is dominated by diffraction as the light diffracts or bends around molecules or particles. Water vapor and carbon dioxide have many infrared absorbance bands but in the short wave there is a mixture of absorbance bands and transmission windows permitting SWIR imagers to see for long distances with little loss due to either scattering or absorbance. As the particle size grows to a diameter or cross section equal or larger than the wavelength, the scattering is predominately more forward in direction and the intensity loss also becomes less dependent on wavelength. Eventually the size of fog, dust or smoke particles become large enough to obscure SWIR images and even the longer wavelengths are easily scattered [10] . When light interacts with atoms and molecules that are much smaller than the wavelength of light, light rays are scattered (at a rate of (1/wavelength) 4 ) in the phenomenon of Rayleigh scattering, thus preventing short wavelengths from travelling long distances. As light encounters spherical particles of dimensions near to or larger than that of its wavelength, it is attenuated at the slower rate of 1/wavelength, as predicted by the Mie theory of scattering [8] .
Our investigations on images acquired in different spectra going from the only visible to the only SWIR one, have demonstrated that reduced visibility phenomena as haze and fog feature quite different behaviors in the SWIR spectrum but still of no practical utility for automotive applications. Whereas better visibility through haze may be achieved by employing SWIR sensors but is of negligible benefit for pedestrian detection being haze a long distance phenomenon, no improvements can be obtained in foggy conditions, leaving thermal imagers (Far InfraRed wavelengths) as the most effective technology currently available for this purpose.
